Starting from a clinical isolate of Serratia marcescens that produced a chromosomally encoded AmpC ␤-lactamase inducibly, we isolated by stepwise selection two laboratory mutants that showed high levels of resistance to some cephalosporins. The 98R mutant apparently overproduced the unaltered ␤-lactamase constitutively, but the 520R mutant produced an altered enzyme, also constitutively. Ceftazidime and cefpirome MICs for the 520R mutant were much higher (512 and 64 g/ml, respectively) than those for the 98R mutant (16 and 16 g/ml, respectively). Yet the MICs of cephaloridine and piperacillin for the 520R mutant were four-to eightfold lower than those for the 98R mutant. Cloning and sequencing of the ampC alleles showed that in the 520R mutant enzyme, the Thr64 residue, about two turns away from the active-site serine, was mutated to isoleucine. This resulted in a >1,000-fold increase in the catalytic efficiency (k cat /K m ) of the mutated AmpC enzyme toward ceftazidime, whereas there was a >10-fold decrease in the efficiency of the mutant enzyme toward cefazolin and cephaloridine. The outer membrane permeability of the 520R strain to cephalosporins was also less than in the 98R strain, and the alteration of the kinetic properties of the AmpC enzyme together with this difference in permeability explained quantitatively the resistance levels of both mutant strains to most agents studied.
For many gram-negative bacteria, including Enterobacteriaceae and Pseudomonas spp., the production of the chromosomally encoded, class C ␤-lactamase, or the AmpC enzyme, represents the intrinsic mechanism of resistance to ␤-lactam antibiotics. AmpC expression is under the control of a regulatory gene system. Spontaneous mutations affecting the regulatory genes, most frequently ampD (17) , cause constitutive overproduction of the enzyme and an increased resistance to agents, such as oxyiminocephalosporins (cefotaxime, cefuroxime, ceftriaxone, and ceftazidime) (38) . Most of these compounds are hydrolyzed efficiently because of their high affinity for the AmpC enzyme, which compensates for their low deacylation rates (8, 12, 49) ; yet against the wild-type strains of Enterobacteriaceae, these compounds are quite effective because they are poor inducers of AmpC (18, 39) . Additionally, mutations in ␤-lactamase structural genes may also confer a modified spectrum of drug resistance to the producing organism. Spontaneous mutations occurring in plasmid-encoded ␤-lactamases, resulting in the production of expanded-spectrum ␤-lactamases, are of great concern since they can be spread efficiently through the plasmid transfer process (25) .
Until now, mutations in structural genes of chromosomal ␤-lactamases have been reported in only a few cases. Thus, clinical strains of Enterobacter cloacae (33) and Serratia marcescens (22) showing increased resistance to oxyiminocephalosporins, especially ceftazidime, were found to produce chromosomal AmpC enzymes with alterations in the "omega loop," located at the entrance of the substrate-binding sites. It is of obvious interest whether mutations in other positions can also produce the chromosomal enzymes of altered specificity. In the work described here we analyzed the biochemical characteristics and the gene sequences of two allelic class C ␤-lactamases, produced by the S. marcescens clinical isolate S3 and its laboratory-derived 520R mutant, selected for increased resistance to ceftazidime. The mutant enzyme contained a Thr64-to-Ile change, very close to the active-site Ser-Leu-Ser-Lys sequence.
MATERIALS AND METHODS
Bacterial strains. Strain S3 was a clinical isolate identified as S. marcescens by the use of the API system. Its chromosomal ␤-lactamase was inducible by typical inducers such as imipenem and cefoxitin (18) , and it was susceptible to ceftazidime, cefotaxime, cefpirome, and aztreonam ( Table 1 ). The S. marcescens 520R strain was a mutant of S3, obtained after N-methyl-NЈ-nitro-N-nitrosoguanidine mutagenesis and after four successive transfers in Luria-Bertani (LB) broth containing increasing concentrations of ceftazidime. At that stage, plating on an LB broth plate containing various concentrations of ceftazidime confirmed the presence of a mutant for which the MIC was higher than 128 g/ml, and this strain was saved as the 520R mutant. The 98R mutant was a constitutive highlevel ␤-lactamase producer, selected by subculturing strain S3 for several steps in LB broth containing subinhibitory concentrations (0.05 to 0.1 g/ml) of ceftazidime. When the culture was plated out on LB plates containing 8 to 16 g of ceftazidime per ml, some colonies were observed to grow on these plates, and one of them was saved as the 98R mutant. Both mutants were resistant to most oxyiminocephalosporins and to aztreonam, but the 520R mutant was much more resistant to ceftazidime and cefpirome than was the 98R mutant (Table 1) .
Escherichia coli DH5␣ (37) was used for transformation and propagation of recombinant plasmids. Strains were routinely grown in LB broth and on LB agar plates, unless indicated otherwise.
Susceptibility testing. MICs were determined by the twofold serial dilution method with Mueller-Hinton broth. Inocula (10 4 CFU/ml) were from fresh overnight broth cultures. The MICs were read after 18 to 20 h of incubation at 37°C.
␤-Lactamase preparation and purification. The ␤-lactamases were purified from the S3, 98R, and 520R strains. Overnight cultures grown in LB broth were diluted 10-fold into 2 liters of the prewarmed LB broth and incubated at 37°C with shaking for 3 h. When induction was desired, 90 min before harvest the inducer (either 0.12 to 1 g of imipenem per ml or 32 to 128 g of cefoxitin per ml) was added. Although these inducer concentrations often exceeded MICs, the induction of ␤-lactamase still took place, presumably because at the time of addition of inducers the culture was entering the stationary phase and its density was so high. Cells were harvested by centrifugation at 5,000 ϫ g for 15 min at 4°C, washed once with 0.1 M phosphate buffer (pH 7.2) and once with 20 mM triethanolamine hydrochloride-0.5 M NaCl (pH 7.0; loading buffer), and suspended in the same buffer at 20 times their original density. Cells were disrupted by subjecting the suspension to four 1-min cycles of sonication, and the crude extract was clarified by centrifugation at 10,000 ϫ g for 20 min and then at 135,000 ϫ g for 30 min. The final supernatant was run through a type L aminophenylboronic acid column (2) that had been preequilibrated with loading buffer, and the column was washed with the same buffer until the A 280 of washings became virtually 0. The column was then eluted with 0.5 M borate-0.5 M NaCl, pH 7. Active fractions were pooled and dialyzed overnight against 20 mM triethanolamine hydrochloride, pH 7.0, and KCl was added to 100 mM before storage at Ϫ20°C.
Isoelectric focusing. Isoelectric focusing was conducted by the method of Matthew et al. (23) using an LKB 2117 Multiphor II apparatus with native 7% polyacrylamide gel plates containing Ampholine (Pharmacia-LKB) in the pH ranges 3.5 to 10, 8 to 10.5, and 9 to 11. Gels were stained with chromogenic cephalosporin nitrocefin. The following isoelectric-point standards (Bio-Rad) with the indicated isoelectric points were applied together with the sample: cytochrome c, 9.6; human hemoglobin C, 7.5; human hemoglobin A, 7.1; equine myoglobin, 6.8 and 7; and phycocyanin, 4.75, 4.65, and 4.45.
SDS-PAGE analysis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as described earlier (49) . Outer membrane protein samples were prepared by extracting inner membrane proteins from crude membrane fractions with N-lauryl sarcosinate (Sarkosyl) (6) .
␤-Lactamase assays. Hydrolysis of ␤-lactam antibiotics was monitored spectrophotometrically at 25°C in 0.1 M phosphate buffer, pH 7.2, using a Uvikon 860 spectrophotometer. The reaction was monitored by tracking the changes in absorbance, usually at 260 nm. For comparison of hydrolysis rates at a fixed concentration (usually 50 M), cells of the 10-mm light path were used.
For determination of K m values, initial rates of hydrolysis were measured at various substrate concentrations. We tried to include substrate concentrations close to or even exceeding the K m values, in order to avoid errors generated by a long extrapolation. This necessitated the use of cells with a 1-mm light path in most cases, and also the use of off-peak wavelength values (280 nm for cephaloridine, cefotaxime, and ceftazidime and 300 nm for cefazolin). It was possible to use up to 5 and 2 mM concentrations of cefazolin and cephaloridine without problems from the stray light. The K m values were derived by linear-regression analysis of Eadie-Hofstee plots of initial rates. Cefotaxime and ceftazidime, however, produced an initial burst of a decrease in optical density owing to the rapid formation of the acyl enzymes (3). For these substrates, therefore, rates after the establishment of steady states, usually the rates between 2 and 5 min after the initiation of reaction, were used. The k cat values were calculated by using the K m values and hydrolysis rates (at 50 M) of each substrate and the observed k cat values for cefazolin. The K m for cefotaxime with the S3 enzyme was also estimated as the K i in competition experiments using cefazolin as a reporter substrate.
Outer membrane permeability. Coefficients of the permeability of the outer membrane to various cephalosporins were determined from the rates of drug hydrolysis by intact cells, as described previously (31) .
Other biochemical methods. Protein in crude extracts was determined by a bicinchoninic acid assay (42) using the Pierce BCA protein assay reagent. Protein concentrations in purified AmpC preparations were estimated from optical densities at 280 nm on the basis of aromatic-amino-acid content.
Nucleic acid techniques. Recombinant DNA techniques were essentially standard procedures (37) . DNA was sequenced by the dideoxy termination method (40) . Plasmid DNA was isolated by using a Qiagen (Florence, Italy) Mini Kit. Restriction fragments and PCR products were recovered from agarose gels with a QIAquick gel extraction kit (Qiagen). T4 DNA ligase reactions and restriction endonuclease digestions were performed under conditions recommended by the manufacturers. Genomic DNA of S. marcescens was purified by the procedure of Marmur (20) .
The complete ampC gene was obtained as follows. PCR primers S4up and S3down were chosen to amplify an internal fragment of 1,055 bp with Pfu DNA polymerase (Stratagene, Milan, Italy). Forward primer S4up (5Ј-CGC ACG CCG CAC AGC AGC AGG ATA-3Ј) corresponds to nucleotides 59 to 82, while reverse primer S3down (5Ј-GAT GTG GTA AGC CGC TTC GAC GCG-3Ј) corresponds to nucleotides 1113 to 1090. (In this as well as subsequent descriptions of primers, the first nucleotide of the coding region of the ampC gene in S. marcescens SR50 [32] was numbered 1). The amplimer was labeled with alkaline phosphatase using the AlkPhos direct labeling system (Amersham, Milan, Italy) and used as a probe in Southern blotting performed on genomic S. marcescens DNA digested with several restriction enzymes. A 3.6-kb fragment from the EcoRV digestion hybridized with the probe, and this fragment was purified and subsequently cleaved with PstI, which recognized a single restriction site inside the fragment. The cleaved, smaller DNA fragments were purified and ligated with T4 DNA ligase. The DNA concentration in the ligation mixture was lowered to 0.5 g/ml in order to improve the circularization of the DNA fragments. The mixtures of these circularized fragments were used as templates in inverse PCR amplifications with the primer pairs S1-S6R and S3-S5R.
The forward primer S1 (5Ј-CAG ACG CTG TTT GAA GTG GGC TCG-3Ј), located between nucleotides 217 and 240, and the reverse primer S6R (5Ј-CTC GGT GAT CGG TTT GCC GGT GTG-3Ј), located between nucleotides 216 and 193, amplified a 1-kb fragment that comprised the proximal, or 5Ј, portion of the bla gene and a short upstream flanking sequence. The forward primer S3R, which was the complement of S3down, and the reverse primer S5R (5Ј-TTC TTC GCC GGG ATA AAT ACC-3Ј), located between nucleotides 1043 and 1023, amplified a fragment of 1.2 kb that comprised the 3Ј portion of the bla gene and the flanking region downstream.
The sequence of the entire gene was deduced from the sequences of the amplimers. On the basis of this information, two new primers, S13A (5Ј-CCC TTC TAG ATA AGA GCT TCT ATC ATG ACG-3Ј) and S14A (5Ј-CCT CGT CGG AAG CTT TGG CCG TCA GCG CTT-3Ј), were designed such that, during the amplification, two short sequences containing the XbaI and HindIII restriction sites were added to the ends of a fragment containing the complete gene plus its Shine-Dalgarno sequence. The two ampC alleles amplified from S3 and 520R genomic DNAs were treated with XbaI and HindIII and then ligated into the polylinker region of the pGZ119EH vector plasmid (16) , thus producing plasmids pGS3 and the pG520R, respectively, which were used to transform E. coli DH5␣. Transformants were selected on plates containing chloramphen- icol (30 g/ml), ampicillin (25 g/ml), and the inducer IPTG (isopropyl-␤-Dthiogalactopyranoside; 0.2 g/ml).
The nucleotide sequence was obtained by double-strand sequencing of the amplimers of the whole genes generated from the two strains. DNA sequence analysis was performed also on the DNAs of the pGS3 and pG520R plasmids extracted from transformed E. coli.
Nucleotide sequence accession numbers. The sequences of the ampC alleles from the S3 and 520R strains have been deposited in GenBank (accession no. AF327324 and AF327325, respectively).
RESULTS
␤-Lactamase expression in S. marcescens strains. The S. marcescens strains examined in this study exhibited three different phenotypes of ␤-lactamase expression and ␤-lactam susceptibility ( Table 1 ). The enzyme in strain S3 was inducible at a low basal level, which was increased up to 40 times by induction with cefoxitin (128 g/ml) (see Materials and Methods). MICs of ceftazidime, cefotaxime, cefpirome, ceftriaxone, cefixime, and aztreonam were low in this parent strain.
Both the 98R and 520R strains were mutants derived from S3 that showed increased resistance to some compounds. Strain 98R exhibited a constitutive, high-level ␤-lactamase activity, although in the presence of inducers there was a further, small increase in activity. As found in the classical AmpCconstitutive mutants (38, 49) , the 98R mutant was highly resistant to oxyiminocephalosporins such as cefuroxime, cefixime, cefotaxime, and ceftriaxone, as well as cefoxitin (a cephamycin) and aztreonam (a monobactam). Its resistance to ceftazidime and cefpirome, however, remained at a moderate level (MIC, 16 g/ml).
The 520R strain also produced the ␤-lactamase constitutively. It showed high-level resistance to most of the compounds to which the 98R mutant showed resistance and in addition showed much increased levels of resistance to ceftazidime and cefpirome; MICs were 512 and 64 g/ml, respectively (Table 1) . Interestingly, levels of resistance to cephaloridine and piperacillin were greatly decreased in the 520R strain, in comparison with those of the 98R strain (Table 1) .
In spite of the increased resistance to several compounds shown by the 520R mutant, its ␤-lactamase activity, expressed as the V max of cefazolin hydrolysis, was only 5% of that in the maximally induced S3 cells (Table 1) . When the amounts of ␤-lactamase proteins produced were estimated from the SDS-PAGE profile of the total cell proteins, the 520R strain was found to have far more than 5% of the level of the AmpC protein in the induced wild-type parent S3 (Fig. 1) . This suggested that the specific activity, for cefazolin, of the AmpC enzyme of the 520R strain was decreased in comparison with that of the wild-type enzyme, a conclusion supported by the study of purified enzymes described below.
The MICs of agents other than ␤-lactams, such as tetracycline (4 g/ml), chloramphenicol (8 g/ml), and norfloxacin (8 g/ml) were unaltered for both mutants. This result suggests that the overproduction of a multidrug efflux pump(s) is unlikely in the mutants, as these agents are typical substrates of such pumps (27) .
Characterization of ␤-lactamases. Enzymes were purified from the S3, 98R, and 520R strains by aminoboronic acid affinity chromatography (2) to near homogeneity (Ͼ99%) (Fig.  1) . A single protein band was observed in SDS-PAGE for all ␤-lactamase preparations, and the molecular mass was estimated to be approximately 39 kDa.
An isoelectric-focusing analysis was performed both on crude extracts of the three strains and on the purified ␤-lactamase preparations from the S3 and 520R strains. All enzymes showed an isoelectric point of 8.75 Ϯ 0.1 (mean Ϯ standard deviation), as expected for chromosomal, AmpC-type enzymes; no additional band with ␤-lactamase activity was observed (data not shown).
K m values were determined from the initial rates of hydrolysis. The k cat values were calculated from the hydrolysis rates of various substrates at 50 M and the values of K m . These kinetic parameters, determined for four compounds, are listed in Table 2 . With the 520R mutant enzyme, the K m for ceftazidime was too high for precise measurement. VOL. 45, 2001 CEFTAZIDIME-HYDROLYZING MUTANT AmpC ENZYME 2333
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showed that there was no significant difference between these enzymes in terms of K m values for several substrates and the relative rates of hydrolysis of these substrates ( Table 2) . We assume, therefore, that the 98R mutant is a simple AmpC overproduction strain, as seen in the common ampD mutants of various species of Enterobacteriaceae (17, 38, 49) . In contrast, the 520R enzyme indeed appeared to be different from the wild-type enzyme in the preliminary assay with crude extracts, and the kinetic parameters measured using the purified preparations confirmed this conclusion, as detailed below.
As seen with many AmpC ␤-lactamases from Enterobacteriaceae (see Discussion), the wild-type enzyme (from strains S3 and 98R) was relatively active against older cephalosporins such as cefazolin and cephaloridine in spite of the rather high K m values. In contrast, the K m was much lower for cefotaxime, an oxyiminocephalosporin (Table 2) . Ceftazidime was different from other oxyiminocephalosporins in having a higher K m , again as seen with other AmpC enzymes.
The mutant ␤-lactamase from the 520R mutant exhibited a strongly increased (Ͼ1,000-fold) catalytic efficiency (k cat /K m ) toward ceftazidime, in comparison to that of the wild-type enzyme. An increase in k cat must have been responsible for this increase in catalytic efficiency, as it occurred in spite of an increase in K m . In contrast, catalytic efficiencies for the older cephalosporins cephaloridine and cefazolin decreased significantly in the mutant enzyme. The k cat value increased about 100-fold for cefotaxime in the mutant enzyme, but this was nearly completely compensated for by a strong increase in K m , and the catalytic efficiency remained about the same in the 520R mutant enzyme.
The catalytic parameters were strongly influenced by the ionic strength of the assay buffer. Thus, the K m value for cefazolin, with the wild-type enzyme, was as low as 200 M in 20 mM triethanolamine-HCl buffer, pH 7.0, but increased to 980 M in 0.1 M phosphate buffer, pH 7.4. This result is similar to what has been reported for an S. marcescens AmpC enzyme earlier (12) but appears somewhat more extreme. All kinetic constants reported in Table 2 were those determined with 0.1 M phosphate buffer, pH 7.4.
Some preliminary analysis of kinetic parameters was also carried out with other compounds (cefpirome, cefuroxime, ceftriaxone, and cefixime) (data not shown). Although these assays were carried out under low-ionic-strength conditions (20 mM triethanolamine buffer) and therefore the results are not comparable with those of Table 2 , the data showed significant increases in k cat values in the 520R mutant enzyme for other oxyiminocephalosporins (cefuroxime, cefixime, and ceftriaxone) as well as an oxyiminocephalosporin with a quaternarynitrogen-containing 3-substituent (cefpirome) (not shown).
Cloning of the ampC gene and phenotype of transformants.
On the basis of the published sequence of the S. marcescens SR50 ␤-lactamase gene (32), oligonucleotide primers were designed and a 1,055-bp fragment was amplified from the genomic DNA of strain S3, as described in Materials and Methods. Its sequence corresponded to an internal fragment of an ampC homolog.
We then identified a 3.6-kb fragment containing this sequence in the EcoRV-digested S3 genomic DNA and finally isolated the complete ampC genes from both S3 (wild type) and the 520R mutant, cloned in the IPTG-inducible expression vector pGZ119EH (16) (see Materials and Methods). The resulting plasmids, named pGS3 and pG520R, containing, respectively, the wild-type and mutant alleles of ampC (see below), were used to transform E. coli DH5␣ cells.
The introduction of the cloned S. marcescens ␤-lactamase genes caused decreases in susceptibilities to all ␤-lactams tested in the transformed E. coli cells ( Table 1) . Assay of ␤-lactamase activity showed that similar levels of the enzyme proteins were expressed by the two plasmids (not shown), based on the kinetic parameters described above (Table 2) . Nevertheless, the expression of the wild-type enzyme produced strong increases in resistance to cefotaxime, cefixime, cefoxitin, piperacillin, and especially cefazolin, cephaloridine, and cefuroxime but had only a modest effect on resistance to ceftazidime, cefpirome, ceftriaxone, and aztreonam ( Table 1 ). The production of mutant ␤-lactamase, on the other hand, caused a much stronger increases in resistance to ceftriaxone, cefixime, and, above all, ceftazidime, but it produced decreased levels of resistance, in comparison with that of the strain producing the wild-type enzyme, to cefazolin, cephaloridine, and piperacillin. These results confirm that a major part of the resistance phenotype of the S. marcescens mutants was indeed due to the catalytic properties of the AmpC enzymes produced.
Nucleotide sequence analysis of the ␤-lactamase genes. The complete sequences of the ampC alleles were obtained from the PCR amplicons made by using genomic DNAs of S3 and the 520R mutant, as well as by using plasmids pGS3 and pG520R (each extracted from two independent clones of transformants). Analysis of the nucleotide sequence and its translation products showed a translation start codon, ATG, located 7 bases downstream from a likely ribosome-binding site sequence, AAGAG. The determined sequence, which includes only 19 bases upstream of this putative ribosome-binding site sequence, apparently does not include the promoter region. A typical recognition sequence for the signal peptidase parently 356 residues long, was calculated to have a molecular mass of 38,971 Da (38,983 Da for the 520R variant), which was compatible with the mobility of the protein in SDS-PAGE. The deduced amino acid sequence of S3 ␤-lactamase and that of its mutant showed a very high degree of similarity with known AmpC ␤-lactamases of S. marcescens. It was closest to that of SMA271368 (G. Barnaud, G. J. Arlet, R. Labia, and A. Philippon, GenBank/EMBL accession no. AJ 271368), with only six substitutions, all of which were conservative (Ile for Val, Val for Ile, Glu for Asp, Gln for Glu, Asp for Asn, and His for Arg) (Fig. 2) . It was also similar to the other S. marcescens AmpC sequences such as SRT-1 (22), SST-1 (22) , and SR50 (32) (98, 96, and 94% identity, respectively) (not shown). The S3 amino acid sequence was also similar to AmpC sequences from other members of Enterobacteriaceae, although more differences (including short deletions and insertions) were seen here (Fig. 2) .
A comparison of the nucleotide sequences revealed that the S3 and 520R mutant ampC alleles were identical at all positions except for a point mutation, a transition from C to T at position 257. This change leads to the replacement of Thr at position 64 of the mature protein with Ile in the 520R ␤-lactamase (Fig. 2) .
Outer membrane permeability. Having shown that the 520R mutant produced an altered enzyme and exhibited a resistance pattern that was significantly different from that of the 98R mutant, a simple overproducer of the unaltered enzyme, we wanted to see if the properties of the enzymes could explain quantitatively the levels of resistance to various agents, as has been done by the use of E. coli earlier (30) . For this analysis, we needed the coefficients of permeability of the outer membrane. Permeability coefficients for cefazolin, cephaloridine, cefotaxime, and ceftazidime were measured from the rates of hydrolysis of these compounds by intact cells (Materials and Methods). Although the permeability to ceftazidime was too low to measure accurately, the 520R mutant was less (between four and six times) permeable to other compounds than the 98R mutant (Table 3) .
In principle, it is possible that the measured permeability coefficients were distorted by an active efflux process. How-
FIG. 2. Multiple alignment of AmpC proteins from
Enterobacteriaceae. The active-site Ser residue is double underlined, and the Thr residue that is changed to Ile in the 520R enzyme is underlined. Sources for the sequences are E. coli (11) , E. cloacae P99 (9), C. freundii GN346 (41), S. marcescens AJ (SMA271368) (G. Barnaud, G. J. Arlet, R. Labia, and A. Philippon, GenBank/EMBL accession no. AJ 271368), and S. marcescens S3 (this study). The alignment was generated by the CLUSTAL W program (43) .
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on August 15, 2017 by guest http://aac.asm.org/ ever, multidrug efflux systems such as AcrAB-TolC of enteric bacteria show very little activity toward the compounds tested, with rather hydrophilic side chains or multiple charged groups (28) . Furthermore, under the conditions of our assay, efflux is likely to be overwhelmed by the massive influx of drugs present at a 1 mM concentration. We therefore believe that our experiments measured the permeability of the outer membrane rather accurately. SDS-PAGE analysis of outer membrane proteins. Because the permeability of the outer membrane of the 520R mutant to the cephalosporins tested was lower than that of the 98R mutant, we suspected that the former strain may produce fewer porins. We thus examined by SDS-PAGE the pattern of outer membrane proteins of samples treated at 100°C for 10 min in the sample buffer. The major protein bands were found at positions corresponding to 37 and 33 kDa, presumably corresponding to porins and OmpA, respectively. The porin band, however, contained more than one component, and the relative levels of abundance of these components differed between the 98R and 520R mutants (data not shown). A more precise analysis, however, was difficult because these putative porin bands migrated very close to each other on PAGE. Each of these porin species may have different channel properties, and a simple interpretation of these results in terms of permeability was not possible.
DISCUSSION

Properties of the wild-type enzyme and their consequences.
The wild-type enzyme had relatively high k cat values for the older cephalosporins such as cefazolin and cephaloridine, similar to the findings of an earlier report (8) . Although many class C enzymes (such as the E. cloacae and Citrobacter freundii enzymes) have very high affinities to monoanionic oxyiminocephalosporins such as cefotaxime, as exemplified by K m values as low as 0.005 M (8), the S. marcescens enzyme is exceptional in showing K m values in the range of 10 to 30 M for these compounds (8, 35) , and our present results were in agreement with these findings ( Table 2) . This is probably due at least in part to the presence of the pyridinium side chain at the 3Ј position, a feature similar to those uniformly present in the oxyiminocephalosporins developed to exhibit lower affinity toward AmpC enzymes, such as cefpirome and cefepime (29) . Ceftazidime also had a very low affinity to the S. marcescens S3 enzyme, which had a K m of 1,350 M ( Table 2 ). The value of k cat /K m for ceftazidime was therefore orders of magnitude lower in the S. marcescens S3 enzyme (6 ϫ 10 Ϫ6 s Ϫ1 M Ϫ1 ) ( Table 2 ) than in the E. cloacae P99 enzyme (2.5 ϫ 10 Ϫ3 s Ϫ1 M Ϫ1 ) (21). These lower k cat /K m values of the S. marcescens enzyme for oxyiminocephalosporins in general and for ceftazidime in particular lead to the prediction that a simple overproduction of this enzyme may not produce a high level of resistance to these compounds in S. marcescens (in contrast to the situation in other Enterobacteriaceae), and indeed this was borne out by experimental data. For example, Hechler et al. (10) showed that an overproduction alone of the class C enzyme in S. marcescens increased the MICs of cefotaxime and ceftazidime to only 32 and 1 g/ml, respectively; in contrast, in E. cloacae such an overproduction increased these MICs to 512 and 256 g/ml, respectively, in one study (49) . In another study (5), the cefotaxime and ceftazidime MICs for a laboratory-selected ␤-lactamase derepression mutant of S. marcescens were only 4 and 0.5 g/ml, respectively, in contrast to MICs of 32 and 64 g/ml, respectively, for a similar mutant of E. cloacae. As seen in these examples, this difference between S. marcescens and E. cloacae (and other Enterobacteriaceae) is predictably even more pronounced with ceftazidime; in another recent study, ceftazidime MICs were only 2 g/ml for S. marcescens strains overproducing their AmpC enzyme, whereas the MICs were Ն16 g/ml for similar overproducing strains of E. cloacae or C. freundii (44) . In the present study, the simple AmpC 98R overproduction strain showed higher levels of resistance to most oxyiminocephalosporins than those of strains described earlier, yet the MIC of ceftazidime was only 16 g/ml, in contrast to the cefotaxime MIC of 256 g/ml ( Table 1) .
Properties of the mutant enzyme and their consequences. The mutant enzyme had greatly increased k cat values for extended-spectrum cephalosporins, accompanied also by increased K m values (Table 2 ). This is somewhat reminiscent of the alteration of the chromosomal enzyme observed in a clinical strain of S. marcescens showing modest increases in resistance to cefotaxime, ceftriaxone, and aztreonam (1), although the nature of the mutational alteration of the enzyme sequence is not known in that example.
We can quantitatively analyze the effects of the alterations in the k cat and K m of our enzyme on MICs by using the approach of Nikaido and Normark (30) . Although this approach neglects the effect of active efflux, this effect is usually not very significant when enzymatic hydrolysis occurs at high rates (24) . The theory indicates that the MIC can be calculated as (30) , where C inh , P, and A are the antibiotic concentration that inhibits the target, permeability coefficient of the outer membrane, and area of the outer membrane in unit weight of cells, respectively, and where V max and K m are the usual kinetic constants of the ␤-lactamase. We have determined the coefficients of permeability of the S. marcescens outer membrane to cefazolin, cephaloridine, and cefotaxime and found that the 520R mutant has four-to sixfold less permeability than that of the 98R strain (Table 3) . Also, in a given strain, the coefficient of permeability to cefotaxime, containing the potentially diffusion-hindering oxyimino substituent, was nearly 2 orders of magnitude lower than those determined for cefazolin whereas the permeability coefficients for these two compounds differed only by a factor of 3 in E. coli (30) . These data suggest that the porin channels of at least these strains of S. marcescens are more restrictive than the OmpF channel of E. coli and that differences in drug structure affect more strongly the diffusion rate through the S. marcescens porins than they do the diffusion rate through the E. coli porin. For ceftazidime, experimental determination of the permeability coefficients was not possible, and therefore we assumed tentatively that the coefficient of permeability to this compound of each strain was 50 times lower than that to cefotaxime, which does not contain the potentially diffusionhindering second negative charge on the side chain. Calculation using these values for the permeability coefficients showed (values in parentheses in Table 1 ) that the MICs predicted from the parameters of the AmpC enzyme were very close to the observed MICs in most cases. Importantly, the theory predicts that the MICs of cefotaxime will be essentially identical for the 98R and 520R mutants (as observed). The theory also predicts correctly that the ceftazidime MIC will increase greatly from a low value for the 98R mutant to about 512 g/ml for the 520R mutant, largely due to the increase in the catalytic efficiency of the mutant enzyme for this substrate. The prediction also worked quite well for cephaloridine. However, the prediction gave values quite different from the experimentally observed values of the cefazolin MIC for the 520R mutant and of the ceftazidime MIC for the 98R mutant. In the latter case, the discrepancy may have arisen because of the active efflux of the compound, which was totally neglected here. Interestingly, the cefazolin and cephaloridine resistance levels of E. coli DH5␣ expressing the S3 and 520R enzymes were altered in the predicted manner, with a strong decrease in the MIC for the strain expressing the mutant enzyme ( Table  1) . One of the reasons why the S. marcescens strains were more resistant than the E. coli strains to cefotaxime and ceftazidime is likely to be the more restrictive porin channels found in S. marcescens, which would severely limit the permeation of these compounds with bulky side chains (see above).
Possible structural effect of the Thr64-to-Ile change. The crystal structure of S. marcescens ␤-lactamase is not available, but the possible result of the Thr64-to-Ile change can be examined by referring to the structures of homologous class C enzymes from E. cloacae (4, 19) and E. coli (48) , as well as the D-Ala-D-Ala carboxypeptidase from Streptomyces strain R61 (14) . The three-dimensional structures of all these enzymes are very similar (13) , and we will use the E. cloacae P99 enzyme (19) as an example. The Thr70 residue of this enzyme (which corresponds to the mutated Thr64 residue of the S. marcescens S3 enzyme and the Thr68 enzyme in the E. coli enzyme [ Fig.  2] ) occurs about two turns further away from the active-site Ser64 residue (Ser58 in S. marcescens) at the beginning of helix 2. Although it is not in the substrate-binding cleft, the side chain hydroxyl oxygen of Thr70 is within a hydrogen-bonding distance of the main chain carbonyl oxygen of Gln219 (Glu213 in the S3 enzyme and Glu216 in E. coli AmpC). This distance is always very short (between 2.55 and 2.74 Å) in all the AmpC enzymes analyzed (4, 19, 48) . The replacement of threonine with isoleucine abolishes this hydrogen-bonded structure and also introduces a more bulky side chain. We can thus envisage two possible consequences in the mutated S. marcescens enzyme. (i) The substitution will make helix 2, which contains the active-site serine (and also the threonine now replaced with isoleucine), more movable or pliable, and this will make the attack on compounds like ceftazidime easier. (ii) Alternatively, or additionally, the mutation may shift the positions of Glu213 (corresponding to Gln219 of the E. cloacae enzyme) and its neighbors. Gln219 of the E. cloacae enzyme is located near the end of the long omega loop (from residue 189 to residue 226) at the entrance of the substrate-binding site. This loop is much longer in the class C enzymes than in the class A enzymes, and this added length of the loop is thought to facilitate the accommodation of larger cephalosporins by class C enzymes. It is thus possible that the T64I mutation in the 520R mutant further opens up the entrance of the pocket by moving the omega loop and that it makes the accommodation of ceftazidime easier. Interestingly, when the folding of S3 and 520R mutant AmpC was predicted by the Swiss-Model program (36) using the structure of E. cloacae AmpC (19) as the template, one of the largest differences was predicted to occur in the side chain of Glu213, with some of its atoms being predicted to move as much as by 5 Å in the 520R enzyme in comparison with the positions in the S3 enzyme.
We note also that, in the C. freundii GN346 enzyme, the change of Glu219 (corresponding to Gln219 of the E. cloacae enzyme) to Lys and other bulky residues (46, 47) and the change of a nearby residue, Asp217, to Lys, Thr, or Glu (45) increase the k cat values for oxyiminocephalosporins, somewhat reminiscent of our observation here. In another study, the AmpC enzyme in an oxyiminocephalosporin-resistant clinical isolate of S. marcescens was found to contain a Glu-to-Lys change in residue 213, closer to the center of the omega loop (22) . Finally, extension of the omega loop in the middle of both natural and laboratory-generated E. cloacae mutant enzymes was shown to result in an increase in k cat values to oxyiminocephalosporins, including ceftazidime (33, 34) . In this case, the crystal structure of the mutant enzyme indeed showed the increased opening of the entrance of the substrate-binding pocket (4) .
It should be noted that a BLAST search of the GenBank database revealed that Thr70 of the E. cloacae enzyme is conserved in most species, including S. marcescens, E. cloacae, Enterobacter aerogenes, Acinetobacter baumanii, Aeromonas species, Pseudomonas aeruginosa, E. coli, and Lysobacter lactamgenus, although it is replaced by Asn in C. freundii and Proteus mirabilis AmpC enzymes and by Ala in Hafnia alvei AmpC. The replacement of Thr70 with Asn will produce a similar hydrogen-bonding network, and the replacement with Ala will at least avoid the creation of steric hindrance. Replacement of Thr70 (Thr64 in S. marcescens S3) with an amino acid with a bulky, lipophilic side chain, to our knowledge, has never been observed.
Conclusions. Among oxyiminocephalosporins introduced in the 1980s, ceftazidime tends to be exceptionally active against Enterobacteriaceae mutants overproducing the chromosomally encoded AmpC ␤-lactamases, presumably because it has relatively low affinity to these enzymes. This situation was even more pronounced with S. marcescens, whose AmpC enzyme, in comparison with homologous enzymes from other species, has lower affinity to oxyiminocephalosporins in general and to ceftazidime in particular. We have shown in this study that, even with S. marcescens, it is possible to isolate a mutant producing an altered AmpC enzyme, which makes the strain highly resis-tant to ceftazidime (and also to cefpirome). These observations suggest that increased use of extended-spectrum cephalosporins may eventually select for similar mutant AmpC enzymes. Indeed a similar in vitro selection applied to an E. cloacae strain with cefpirome and cefepime resulted in a mutant producing a mutated AmpC enzyme, which also showed high-level resistance to ceftazidime (although the mutation was located at position 318, far away from the site of mutation observed in this study) (26) . This possibility of mutations in the AmpC enzyme is a concern, especially because strains containing plasmid-borne ampC genes are now known (for example, see references 7 and 15), and there is a possibility that the situation may become similar to what has led to the generation of many extended-spectrum ␤-lactamase mutants of TEM and SHV class A enzymes (for a review, see reference 25).
